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Abstract 

Interferon-induced transmembrane proteins (IFITMs) inhibit infection of diverse enveloped viruses, including the influenza A 
virus (IAV) which is thought to enter from late endosomes. Recent evidence suggests that IFITMs block virus hemifusion 
(lipid mixing in the absence of viral content release) by altering the properties of cell membranes. Consistent with this 
mechanism, excess cholesterol in late endosomes of IFITM-expressing cells has been reported to inhibit IAV entry. Here, we 
examined IAV restriction by IFITM3 protein using direct virus-cell fusion assay and single virus imaging in live cells. IFITM3 
over-expression did not inhibit lipid mixing, but abrogated the release of viral content into the cytoplasm. Although late 
endosomes of IFITM3-expressing cells accumulated cholesterol, other interventions leading to aberrantly high levels of this 
lipid did not inhibit virus fusion. These results imply that excess cholesterol in late endosomes is not the mechanism by 
which IFITM3 inhibits the transition from hemifusion to full fusion. The IFITM3's ability to block fusion pore formation at a 
post-hemifusion stage shows that this protein stabilizes the cytoplasmic leaflet of endosomal membranes without adversely 
affecting the lumenal leaflet. We propose that IFITM3 interferes with pore formation either directly, through partitioning 
into the cytoplasmic leaflet of a hemifusion intermediate, or indirectly, by modulating the lipid/protein composition of this 
leaflet. Alternatively, IFITM3 may redirect IAV fusion to a non-productive pathway, perhaps by promoting fusion with 
intralumenal vesicles within multivesicular bodies/late endosomes. 
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Introduction 

The recently identified interferon-induced transmembrane 
proteins (IFITMs) inhibit infection of diverse enveloped viruses 
[1—3]. Ectopic expression of IFITM1, -2 and -3 restricts a growing 
number of unrelated viruses, including IAV [1,2,4—7]. IFITM3 
has been shown to potently restrict infection by IAV and the 
Respiratory Syncytial Virus in vivo [8-10]. In contrast, arenavi- 
ruses and some retroviruses, such as murine leukemia virus (MLV), 
are resistant to IFITM restriction [2,6]. The IFITMs have been 
reported to inhibit HIV-1 entry, albeit less potently than IAV and 
apparently in a cell type-dependent manner [11-13]. 

The mechanism by which IFITMs inhibit infection of diverse 
viruses is not fully understood. IFITM2 and -3 are predominantly 
found in late endosomes (LE) and lysosomes [13,14], whereas 
IFITM 1 is also found at the cell periphery [4,15]. Different 
membrane topologies of IFITMs have been proposed [16], but 
recent data suggests that IFITM3 is a type II transmembrane 
protein [17]. Accumulating evidence implies that IFITMs may 



interfere with virus-endosome fusion [1,2,5,13,14]. The fact that 
IFITMs seem to expand acidic intracellular compartments [13] 
indicates that the fusion block is downstream of the low pH trigger. 
Effective restriction of viruses that enter from the LE, such as IAV, 
Ebola virus (EBOV) and SARS coronavirus seems consistent with 
the cellular localization of IFITM2 and -3 proteins. However, 
these proteins also restrict Vesicular Stomatitis Virus (VSV) that 
appears to fuse with early endosomes [18]. 

IFITMs have been reported to curtail viral infection by 
modifying properties of cellular membranes, such as fluidity and 
spontaneous curvature [3,5,14]. These effects could be related, in 
part, to the accumulation of cholesterol in LE as a result of 
IFITM-mediated disruption of the interaction between the vesicle- 
membrane-protein-associated protein A (VAPA) and oxysterol- 
binding protein (OSBP) [14]. Since lipids play an important role in 
membrane fusion, these findings offer an attractive paradigm for a 
broad antiviral defense mechanism that involves altering the lipid 
composition of cellular membranes. The recent finding that 
amphotericin B, which forms complexes with sterols [19], rescues 
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Author Summary 

Interferon-induced transmembrane proteins (IFITMs) block 
infection of many enveloped viruses, including the 
influenza A virus (IAV) that enters from late endosomes. 
IFITMs are thought to prevent virus hemifusion (merger of 
contacting leaflets without formation of a fusion pore) by 
altering the properties of cell membranes. Here we 
performed single IAV imaging and found that IFITM3 did 
not interfere with hemifusion, but prevented complete 
fusion. Also, contrary to a current view that excess 
cholesterol in late endosomes of IFITM3-expressing cells 
inhibits IAV entry, we show that cholesterol-laden endo- 
somes are permissive for virus fusion. The ability of IFITM3 
to block the formation of fusion pores implies that this 
protein stabilizes the cytoplasmic leaflet of endosomal 
membranes, either directly or indirectly, through altering 
its physical properties. IFITM3 may also redirect IAV to a 
non-productive pathway by promoting fusion with in- 
tralumenal vesicles of late endosomes instead of their 
limiting membrane. 

IAV infection in IFITM2- and IFITM3-expressing cells [20] is in 
line with the notion that cholesterol may be directly or indirectly 
involved in IAV restriction. However, lipid composition-based 
models do not readily explain the lack of restriction of 
amphotropic MLV and arenaviruses, which enter cells via distinct 
endocytic routes [21,22]. These findings indicate that IFITMs may 
restrict virus entry from a subset of intracellular compartments. In 
order to define the mechanism of IFITM restriction, it is 
important to identify the viral entry step(s) targeted by these 
proteins, define compartments in which restriction occurs, and 
elucidate potential changes in intracellular membranes that may 
be responsible for this phenotype. 

Here, we examined the mechanism of IFITM3 restriction of 
IAV using single particle imaging and a direct virus-cell fusion 
assay. Our results show that IFITM3 does not inhibit the lipid 
mixing stage of IAV fusion but blocks the release of viral contents 
into the cytosol, and that this phenotype does not correlate with 
cholesterol accumulation in intracellular compartments. Specifi- 
cally, IFITM3 inhibits the conversion of hemifusion to fusion 
through a mechanism that does not rely on cholesterol accumu- 
lation. Together these findings reveal a previously unappreciated 
view of IFITM-mediated restriction and suggest new avenues of 
investigation to delineate the mechanism by which these proteins 
block infection. 

Results 

Virus- and cell type-dependent restriction of viral fusion 
by IFITM3 

We chose to focus on IFITM3 to study the mechanism of IAV 
restriction because this protein potendy inhibits infection in vitro 
and in vivo [8-10]. Since published data suggest that IFITM3 likely 
inhibits the viral fusion step, a direct virus-cell fusion assay was 
employed to evaluate the extent of restriction in different cell lines 
[23]. HIV-1 particles carrying the P-lactamase-Vpr (BlaM-Vpr) 
chimera and pseudotyped with the influenza HA and NA proteins 
from the H1N1 A/WSN/33 strain (referred to as IAVpp) were 
allowed to fuse with cells transduced with an empty vector or with 
an IFITM3-expressing vector. The resulting cytosolic BlaM 
activity was measured as previously described [24] . Out of several 
cell lines tested, A549 and MDCK cells over-expressing IFITM3 
were least permissive to IAVpp fusion (Fig. 1A). In agreement with 



the previous reports [2,13], we found that IFITM3 over- 
expression partially inhibited VSV G glycoprotein-mediated 
fusion of pseudoviruses (VSVpp) carrying the BlaM-Vpr chimera 
(Fig. 1A). Similar to inhibition of IAVpp fusion, the IFITM3- 
mediated restriction of VSVpp was most potent in A549 and 
MDCK cells. As expected, fusion of particles pseudotyped with the 
Lassa fever virus glycoprotein (LASVpp), which directs virus entry 
through an IFITM3-resistant pathway [2,6], was not considerably 
affected by IFITM3 over-expression. 

We next checked if the strong suppression of virus fusion in A549 
and MDCK cells was related to the level of IFITM3 expression. 
Immunostaining for IFITM3 in these and CHO cells which 
exhibited modest restriction of viral fusion (Fig. 1 A) did not reveal a 
clear correlation between IFITM3 expression and inhibition of 
IAVpp or VSVpp fusion (Fig. IB). Of note, potent IAV restriction in 
A549 and MDCK cells was not related to the usage of HIV-1 core- 
based pseudoviruses. Influenza virus-like particles containing the 
IAV BlaM-M 1 chimera [25] also failed to efficiently fuse with A549- 
IFITM3 and MDCK-IFITM3 cells while fusing well with vector- 
transduced cells (Fig. 1C). We also found that both vector- 
transduced A549 and MDCK cells were highly susceptible to 
IAV infection, as determined by virus titration (see Materials and 
Methods). These two cell lines were therefore chosen for studies of 
IFITM3-mediated restriction described below. 

IFITM-based restriction has been studied using a cell-cell fusion 
model, as well as by forcing viral fusion with the plasma 
membrane by lowering the pH [5,20]. Since fusion with the 
plasma membrane is more amenable to mechanistic studies than 
endocytic entry, we asked whether IFITM3 can restrict forced 
IAV fusion. Exposure to acidic buffer induced IAVpp fusion with 
A549-Vector cells pretreated with Bafilomycin Al (BafAl), which 
blocked low pH-dependent entry from endosomes (Fig. ID). The 
extent of forced fusion was lower compared to the conventional 
entry route. By contrast, forced IAVpp fusion with A549-IFITM3 
cells was ~ 3-fold more efficient than endocytic fusion with cells 
not treated with low pH or BafAl, showing that IFITM3 does not 
restrict IAVpp fusion at the cell surface. Interestingly, IFITM 1 
suppressed LAVpp-plasma membrane fusion at low pH (Fig. ID), 
in agreement with the Jaagsiekte sheep retrovirus (JSRV) and IAV 
fusion data [5,20]. The inability of IFITM3 to block IAV fusion 
with the plasma membrane is consistent with its lower abundance 
at the cell surface [13,14,20] and shows that the mechanism of 
restriction must be studied in intracellular compartments. 

IFITM3 does not inhibit lipid mixing between IAV and 
acidic endosomes 

Preponderance of evidence implies that hemifusion is a 
universal intermediate (reviewed in [26,27]) that precedes the 
formation of a fusion pore. Having shown that IFITM3 over- 
expression inhibits viral fusion (Fig. 1A, C), we asked whether this 
protein also blocks the upstream hemifusion step. This was 
accomplished by labeling the A/PR/8/34 virus membrane with a 
self-quenching concentration of vybrant DiD (vDiD), using a 
modification of the previously published protocol [28]. Incorpo- 
ration of self-quenching quantities of a lipophilic dye enables the 
visualization of single lipid mixing events based on the marked 
increase in fluorescence upon dye redistribution to an endosomal 
membrane (see for example [28,29]). 

Significantiy, to control for fluctuations in the vDiD fluores- 
cence caused by deviation from a focal plane, the viral surface 
proteins were labeled with the amine-reactive AlexaFluor-488 
(AF488) dye. The relatively steady AF488 signal before and after 
hemifusion is allowed correcting for the vDiD intensity fluctuations 
due to moving in and out of focus. The vDiD/AF488 co-labeling 
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Figure 1. IFITM-mediated restriction of virus-endosome fusion in different cell types. (A) IFITM3-mediated inhibition of viral fusion with 
different cell types. BlaM-Vpr carrying pseudoviruses (lAVpp, VSVpp and LASVpp, MOI = 1) were bound to IFITM3- or vector-transduced A549, MDCK, 
CV1, HeLaHl or CHO cells in the cold. Fusion was allowed to proceed for 90 min at 37 C C and was measured by the BlaM assay, as described in 
Materials and Methods. ND, not determined. Data are means and SEM from 2 independent triplicate experiments. (B) IFITM3 expression patterns in 
A549, MDCK and CHO cells transduced with an empty vector (left) or IFITM3 (right). Cells were fixed, permeabilized and immunostained for IFITM3 
(red), as described in Materials and Methods. The nuclear stain, Hoechst-3342, is shown in blue. (C) IFITM3 restricts fusion of influenza virus-like 
particles containing p-lactamase reporter protein fused to the influenza matrix protein-1 (BlaM1). Experiments were carried out as described above. 
Data are means and SEM from 2 independent triplicate experiments. (D) Exposure to low pH overcomes the IFITM3-mediated block of lAVpp fusion. 
To force pseudovirus fusion at the plasma membrane, A549 cells transduced with IFITM1, IFITM3 or an empty vector were pretreated with 50 nM 
BafA1 for 30 min at 37 C or left untreated. lAVpp/BlaM-Vpr pseudoviruses (MOI = 1) were bound to cells of in the cold and exposed to either a pre- 
warmed pH 5.0 MES-citrate buffer or neutral buffer for 10 min at 37X and further incubated in growth medium (with or without BafA1) for 90 min at 
37°C. Data are means and SEM from 2 independent triplicate experiments. ***, P<0.001 by two-tailed t-test. 
doi:10.1371/journal.ppat.1004048.g001 



protocol only modestly (<2-fold) reduced IAV iiifectivity com- revealed an excellent co-localization of the two signals (Fig. SIB, 
pared to the mock-labeled viruses (Fig. SI A). Immunofluorescence C), thus supporting the notion that AF488/vDiD-labeled particles 
staining of AF488-labeled virions with anti-HA antibodies are bona fide virions. 
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Labeled viruses were allowed to enter A549-Vector cells, and 
the resulting lipid mixing activity was examined by single particle 
tracking. A fraction of virions exhibited a marked increase in the 
vDiD signal (Fig. 2A, B). Redistribution of vDiD was mediated by 
low pH-dependent conformational changes in the IAV HA 
glycoprotein, as evidenced by potent inhibition of lipid mixing 
by anti-HA antibodies (Fig. 2C) and by NH 4 C1 (Fig. 3A). Without 
simultaneous monitoring of the viral content release into the 
cytoplasm, vDiD dequenching does not discriminate between 
hemifusion (operationally defined as lipid mixing without content 
transfer [30]) and full fusion. To avoid over-interpreting 
dequenching events, we will refer to these events as lipid mixing 
or hemifusion. A similar vDiD dequenching pattern was observed 
in MDCK cells transduced with an empty vector (data not shown). 
Analysis of lipid mixing showed that 2. 2 ±0.4% and 5. 6 ±0.6% of 
cell-bound particles released vDiD in A549 and MDCK cells, 
respectively (Fig. 3A). By comparison, a much greater fraction of 
virions (38.3±0.6%) hemifused with CHO cells (data not shown), 
in agreement with the previously reported data [28] . 

Importandy, IAV lipid mixing was readily detected in IFITM3 + 
A549 and MDCK cells (Figs. 2D-G and 3A). Not only was lipid 
mixing not inhibited in A549-IFITM3 cells, but a > 3-fold greater 
fraction of particles released vDiD in these cells compared to 
control cells (Fig. 3A, P<0.001). By comparison, IFITM3 over- 
expression in MDCK cells did not significantly promote vDiD 
dequenching (Fig. 3A). Thus, contrary to the cell-cell fusion results 
[5], IFITM3 does not inhibit and can even promote IAV lipid 
mixing, consistent with the block of virus entry at a post- 
hemifusion stage. Accordingly, the addition of oleic acid, which 
augments hemifusion by altering spontaneous membrane curva- 
ture, did not rescue IAVpp or VSVpp fusion with A549-IFITM3 
cells (Fig. S2). This is in agreement with the recent infectivity 
results [20], but in contrast with the rescue of fusion between 
JSRV Env- and IFITM-expressing cells by this fatty acid [5] . 

The higher frequency of vDiD dequenching in A549-IFITM3 
cells could be caused by the increased endosome acidity compared 
to control cells [13]. However, the distribution of waiting times to 
the onset of lipid mixing was independent of IFITM3 expression 
or the type of target cells (A549 vs. MDCK, Fig. 3B, P = 0.37). The 
fact that the kinetic curves do not reach plateau indicates that IAV 
entry into A549 and MDCK cells is not completed within the first 
hour. Our results thus demonstrate that IFITM3 restricts the IAV 
fusion at a post-hemifusion step, most likely at the point of fusion 
pore opening, as evidenced by the dramatic decrease of the BlaM 
signal in A549 and MDCK cells expressing this protein (Fig. 1A). 

Lipid redistribution between IAV and endosomes is 
relatively slow and independent of IFITM3 expression 

Under our conditions, vDiD dequenching was typically 
completed within a few minutes for both control and IFITM3 
cells (Fig. 2). This dequenching rate is much slower than sudden 
increases in fluorescence of the IAV membrane markers described 
previously [28,31]. While a portion of vDiD dequenching could be 
completed within seconds (Fig. S3), these fast events were not 
common. Slow dequenching was also typical with the vDiD/ 
AF488-labeled X31 virus, as well as with the X31 virus labeled 
with a 15-fold excess of DiD, using the published protocol for 
single virus imaging [28] (data not shown). 

Slow vDiD dequenching during the first hour of virus-cell co- 
incubation did not appear to result from IAV degradation in LE/ 
lysosomes, since the surface-exposed AF488 label persisted long 
after vDiD dequenching was completed and because anti-HA 
antibodies blocked vDiD dequenching (Fig. 2). In addition, we did 
not detect any correlation between the lag before the onset of lipid 



mixing and the vDiD dequenching slope (Fig. S4A). This result 
reinforces the notion that late lipid mixing events are mediated by 
HA and not by virus degradation. Control experiments, in which 
samples were not exposed to laser light during the first 30 min at 
37°C, did not reveal fast dequenching events reaching completion 
in less than 1 min (data not shown). This control argues against 
phototoxicity-related attenuation of virus fusogenicity as the cause 
for sluggish lipid redistribution. 

Since free vDiD diffusion between a virus and a small endosome 
should be completed in less than a second [32,33], an initial 
membrane connection between IAV and an endosome must 
severely impair lipid movement. To assess whether early fusion 
intermediates in control and IFITM3 + cells restrict vDiD diffusion 
to the same extent, we examined the rate of vDiD dequenching. 
Single particle analysis revealed that, in A549 cells, the average 
vDiD dequenching profile (Fig. 3C) was independent of IFITM3 
expression, as were the initial slopes of vDiD dequenching (Fig. 
S4B, P>0.5). These results indicate that IFITM3 over-expression 
does not affect the properties of fusion intermediates responsible 
for vDiD redistribution, such as the size and/ or architecture of a 
hemifusion site (e.g., [34,35]). We then asked whether the rate of 
vDiD dequenching varied depending on the cell type. The average 
rate of vDiD fluorescence increase in MDCK cells was ~ 2-fold 
greater than in A549 ceUs (Figs. 3C and S4B, P<0.02). This 
demonstrates our ability to detect changes in the rate of vDiD 
transfer and shows that lipid transfer lasts several minutes 
irrespective of the cell type. 

We also examined the final extent of vDiD dequenching, which 
is proportional to the surface area of a target membrane over 
which it redistributes. This parameter was not significantly affected 
by IFITM3 expression in A549 cells or by the cell type (MDCK vs. 
A549 cells, Fig. 3D). Together, similar kinetics and extents of viral 
lipid dilution in control and IFITM3 + cells suggest that neither the 
size/ architecture of early fusion intermediates nor the surface area 
of target endosomes is considerably affected by IFITM3 expres- 
sion. 

To investigate the relationship between lipid mixing and 
productive IAV infection, we compared the fraction of cells 
"receiving" at least one vDiD dequenching event in live cell 
imaging experiments to the fraction of cells that got infected under 
the same conditions. The only difference was that virus imaging 
was not continued beyond 1 h after initiation of fusion, whereas 
infection proceeded overnight. We found that one or more vDiD 
dequenching events occurred in 15% of A549 cells while 44% of 
cells got infected (Fig. S5). Under the same conditions, 20% of 
MDCK cells "hosted" one or more dequenching events and 36% 
were infected. The greater fraction of infected cells compared to 
those permissive to hemifusion is likely due to the shorter time 
widow for single virus imaging, which is likely to miss late vDiD 
dequencing events (Fig. 3B). The lower apparent fraction of cells 
supporting vDiD dequenching could also be caused by the 
presence of viruses that did not incorporate self-quenching 
amounts of vDiD. Importandy, the comparable efficiencies of 
lipid mixing and infection, indicate that the former events likely 
culminate in productive infection. 

IFITM3 inhibits the formation of small fusion pores 

To determine whether IFITM3 impairs the IAV's ability to 
form small fusion pores, we attempted to load the virus with a 
content marker by soaking in a concentrated solution of 
sulforhodamine B, as described in [36]. However, only a small 
fraction of AF488-labeled particles stained with sulforhodamine, 
and the retained dye was lost in live cell experiments under 
conditions that blocked IAV fusion (data not shown). We therefore 
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Figure 2. Lipid mixing between single IAV particles and endosomes in control and IFITM3-expressing cells. (A-E) IAV particles co- 
labeled with AF488 (green) and vDiD (red) were pre-bound to A549-Vector or A549-IFITM3 cells in the cold and incubated at 37 C for 1 h. Particles 
exchanging vDiD with endosomes (arrows in A and D) exhibited marked increase in red signal. (A, B) Images of vDiD dequenching (extended 
projections) and particle fluorescence intensities obtained by tracking virions in A549 cells. A schematic illustration of IAV hemifusion with an 
endosome (gray), which leads to vDiD dequenching, is overlaid on the graph. I q and l 2 are fluorescence intensities immediately before dequenching 
and at the peak of dequenching, respectively. (C) IAV lipid mixing activity in A549-Vector cells is blocked in the presence of anti-HA antibody. AF488- 
and vDiD-labeled IAV were pre-incubated with 20 |ig/ml of polyclonal anti-lAV antibody (Millipore, Billerica, MA) for 1 h at room temperature. Viruses 
were then bound to A549-Vector cells in the cold by spinoculation, and entry was initiated with warm imaging buffer supplemented with 20 |ig/ml of 
the antibody. Images were collected from 12 fields and the average fraction of AF488 particles with the vDiD signal above the threshold level was 
determined and normalized to control conditions without the antibody. ***, P<0.001. (D, E) Representative images and analysis of lipid mixing in 
A549-IFITM3 cells. (F, G) Representative images and analysis of lipid mixing in MDCK-IFITM3 cells. The ratio of vDiD and AF488 signals (blue line) 
shows robust increase in the red signal in spite of variations in the green channel caused by axial displacement of the virus. Thick lines were obtained 
by smoothing raw fluorescence intensity data (thin lines). Cell contours are shown by dashed lines in A and D. See also corresponding movies SI, S2 
and S3. 

doi:1 0.1 371 /journal. ppat.1 004048.g002 



resorted to using HIV pseudoviruses bearing A/WSN/33 HA and 
NA glycoproteins and co-labeled with the capsid marker, YFP- 
Vpr, and the content marker, Gag-iCherry [24,37]. Upon virus 
maturation, the "internal" mCherry is proteolytically cleaved off 
the HIV-1 Gag-iCherry and released through a fusion pore, as 
manifested by the loss of the red signal (Fig. 4 and [37]). The YFP- 
Vpr signal, which remained associated with the viral core after 
fusion, provided a reference signal for single particle tracking. 

Under our conditions ~1% of double-labeled pseudoviruses 
entering A549-Vector cells lost their content marker, while 
approximately 2% fused with MDCK-Vector cells. In sharp 
contrast, the mCherry release in IFITM3 + A549 and MDCK cells 
or in vector-transduced cells in the presence of NH 4 C1 could not 
be detected (Fig. 4E, P<0.001). Thus, IFITM3 does not adversely 



affect IAV hemifusion but severely inhibits viral content release 
into the cytoplasm. Together these findings suggest that the 
mechanism of IFITM3-mediated restriction arises from the 
entrapment of viruses at a hemifusion intermediate prior to fusion 
pore formation. 

Cholesterol accumulation in endosomes does not inhibit 
viral fusion 

A recent study has shown that, through disrupting the 
interaction between VAPA and OSBP, IFITM3 causes cholesterol 
accumulation in LE [14]. Based on this finding, the authors 
proposed that high levels of endosomal cholesterol may inhibit 
IAV fusion and/ or the release of nucleocapsid. Staining with 
filipin revealed that IFITM3 + A549 cells exhibited increased levels 
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Figure 3. Analyses of the extent and kinetics of single IAV lipid mixing events. (A) The fraction of AF488-labeled particles undergoing lipid 
mixing in A549 transduced with an empty vector or IFITM3 and in MDCK cells. Control experiments in A549 cells were carried out in the presence of 
NH4CI. Error bars are SEM from 1 1 independent experiments. ***, P<0.001. (B) The distribution of waiting times for onset of IAV lipid mixing in A549 
and MDCK cells transduced with IFITM3 or an empty vector. The time intervals from shifting to 37X to the onset of vDiD dequenching were 
determined, as described in Materials and Methods, and plotted as normalized fraction of events as a function of time. Pairwise comparison of all 
curves yields P>0.2. (C) Ensemble averages of initial vDiD dequenching profiles. The dequenching traces were aligned at the onset of hemifusion and 
averaged for each time point. Error bars are SEM. (D) The extent of vDiD dequenching was calculated based on l 2 /li ratio, as illustrated in Fig. 2B. 
doi:1 0.1 371 /journal. ppat.1004048.g003 



of intracellular cholesterol (Fig. 5A). However, the filipin signal 
was still primarily associated with the plasma membrane and the 
total cellular cholesterol was not elevated in IFITM3 + cells (Fig. 
S6). In addition, the overall intensity of intracellular cholesterol 
poorly correlated with the level of IFITM3 expression (Fig. 5C). 

By comparison, pretreatment of A549-Vector cells with 
U18666A, which inhibits transport of LDL-derived cholesterol 
from LE/lysosomes (reviewed in [38]), resulted in a dramatic shift 
in the filipin staining pattern from the plasma membrane to 
endosomes (Fig. 5B). Aberrant accumulation of cholesterol in LE is 
also known to occur in cells lacking the functional NPC1 
cholesterol transporter [39]. We therefore knocked down NPC1 
expression in A549 cells using shRNA (shNPCl, Fig. 5D) and 
examined the resulting cholesterol distribution (Fig. 5B). Reduced 
NPC 1 expression correlated with excess cholesterol in intracellular 
compartments, which was also much more pronounced than 
endosomal filipin staining in A549-IFITM3 cells. 

We next asked whether the cholesterol accumulation induced 
by U18666A pretreatment or by down regulation of NPC 1 can 
phenocopy the IFITM3-mediated restriction of viral fusion. 
Neither IAV lipid mixing (vDiD dequenching) nor fusion (BlaM 
signal) was inhibited by silencing NPC 1 in A549 cells (Fig. 5E, F). 
VSVpp also fused with shNPC 1 -transduced cells as efficiently as 
with control cells (Fig. 5E). These results show that excess 



cholesterol does not inhibit viral fusion or hemifusion. In control 
experiments, silencing the NPC1 expression potendy suppressed 
fusion of Ebola GP-pseudotyped particles (EBOVpp, Fig. 5E), 
which use NPC1 as a receptor [40,41]. Similar to the NPC1 
knockdown phenotype, pretreatment of A549 cells with 10 uM 
U18666A, which caused cholesterol buildup in endosomes 
(Fig. 5B), did not inhibit fusion of IAVpp or VSVpp (Fig. 5G). 
As will be shown below for MDCK cells, higher doses of U18666A 
can inhibit viral fusion (Fig. 5G), but this effect is due to elevation 
of endosomal pH as opposed to cholesterol accumulation in 
endosomes. 

To generalize the effects of excess cholesterol in A549 cells, we 
tested whether endosomal cholesterol can inhibit viral fusion in 
MDCK ceUs. As in A549 cells, IFITM3 over-expression in MDCK 
cells caused moderate accumulation of cholesterol in endosomes 
(Fig. 6A), while pre-treatment with U18666A caused a much more 
dramatic buildup of intracellular cholesterol (Fig. 6B). However, 
unlike A549 cells, IAVpp and VSVpp fusion was significantly 
inhibited in U 18666 A- treated MDCK cells (Fig. 6C). Since prolonged 
exposure to U18666A has been reported to raise endosomal pH [42], 
we sought to determine if insufficiendy acidic pH could prevent IAV 
hemifusion/ fusion with pretreated MDCK cells. 

The pH in IAV-carrying endosomes was measured using virions 
co-labeled with the pH-insensitive AF488 (green) and CypHer5E 



PLOS Pathogens | www.plospathogens.org 



6 



April 2014 | Volume 10 | Issue 4 | e1 004048 



IFITM3 Blocks Influenza A Virus Fusion Pore 





Figure 4. IFITM3 blocks fusion pore formation between single influenza viruses and endosomes. Pseudoviruses bearing WSN HA and NA 
glycoproteins were co-labeled with HIV-1 Gag-iCherry (viral content marker, red) and YFP-Vpr (viral core marker, green). Viruses were pre-bound in 
the cold to A549-Vector cells (A, B) or MDCK-Vector cells (C, D) and their entry was initiated by raising the temperature. (A, C) Images of lAVpp are 
extended projections of 3 Z-stacks illustrating the loss of the mCherry signal (arrow) upon virus-endosome fusion. A schematic illustration between 
image panels A and C illustrates fusion between the YFP-Vpr (green) and Gag-iCherry (red) labeled lAVpp and an endosome (gray). (B, D) Mean 
mCherry and YFP fluorescence intensities obtained by tracking the particles shown in panels A and C. (E) Normalized efficiencies of lAVpp fusion 
(content release) with A549 and MDCK cells transduced with an empty vector or with IFITM3. The middle bar shows the lack of mCherry release in 
A549-Vector cells in the presence of NH 4 CI. ***, P<0.001. See movies S4 and S5. 
doi:10.1371/journal.ppat.1004048.g004 



(red), which fluoresces brighter at acidic pH [28] (Fig. S7A). Cells 
were incubated with viruses for 45 min, and the red/ green signal 
ratio from individual particles was measured (Fig. S7B). The 
average pH in virus-containing endosomes of MDCK-IFITM3 
cells was slightly less acidic than in control cells: 5.38±0.03 
(n = 498) vs. 4.98±0.04 (n = 242), respectively (Fig. 6D and F, P< 



0.001). Interestingly, as shown in Figure 6E, endosomal pH in 
U18666A-treated MDCK cells was markedly shifted to neutral 
values (6.44±0.05, n= 160, P<0.001). Since the pH threshold for 
triggering A/PR/8/34 fusion is reported to be around 5.6 [43], 
elevation of endosomal pH in U18666A-treated MDCK cells is 
the likely cause of inhibition of viral fusion. Together our results 
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Figure 5. IFITM3 restriction of IAV fusion with A549 cells is not related to cholesterol accumulation in endosomes. (A) Sub-cellular 
distributions of cholesterol and IFITM3 in A549-Vector and A549-IFITM3 cells. Cholesterol and IFITM3 staining was done using filipin and anti-IFITM3 
antibody, respectively. Images show confocal slices through the middle section of cells. (B) Filipin staining of A549 cells transduced with shRNA 
against NPC1 (upper panel) and of cells pretreated with 10 |iM U18666A for 18 h (lower panel). (C) Intracellular filipin and IFITM3 signals are poorly 
correlated. Individual regions of interests within 91 cells were drawn to exclude plasma membrane fluorescence, followed by background subtraction 
and summation of fluorescence intensity within each region of interest. (D) Western blotting analysis of NPC1 expression in A549 cells transduced 
with scrambled shRNA (A549.shScr) or with shRNA specific to NPC1 (A549.shNPC1). Tubulin was used as a loading control. (E) lAVpp, VSVpp and 
EBOVpp fusion with A549.shScr and A549.shNPC1 cells measured by the BlaM assay. Data are means and SEM from 2 triplicate experiments (lAVpp 
and VSVpp) and 1 triplicate experiment (EBOVpp). (F) Single IAV lipid mixing activity in A549.shScr and A549.shNPC1 cells. Cells were allowed to bind 
AF488- and vDiD-labeled IAV in the cold and incubated at 37°C for 1 h. The number of vDiD dequenching events was normalized to the total number 
of cell-bound particles from two experiments (n>690 particles) for each cell line. Error bars are standard deviations. (G) Dose-dependence of 
U18666A effect on viral fusion. A549 cells were pre-incubated for 18 h with indicated concentrations of U18666A or DMSO (control). BlaM-Vpr- 
carrying pseudoviruses (MOI = 1) were allowed to fuse with cells for 90 min at 37 C in the presence of U18666A or DMSO. Data are means and SEM 
from 2 triplicate experiments. **, P = 0.005. 
doi:1 0.1 371 /journal. ppat.1 004048.g005 



imply that U18666A most likely attenuates IAV fusion with 
MDCK cells by raising endosomal pH and not through inducing 
cholesterol accumulation. 



We also took advantage of the available CHO cell line that does 
not express NPC 1 [44] to further ascertain the role of endosomal 
cholesterol in IAV fusion. These cells (designated CHO-NPC1 ) 
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exhibited exaggerated endosomal cholesterol staining, in sharp 
contrast to a peripheral staining pattern in parental GHO cells 
(Fig. 7A). In spite of the high endosomal cholesterol content in 
CHO-NPC 1 cells and of the elevated level of total cholesterol 
(Fig. S6), IAVpp fused with these cells as efficiendy as with 
parental cells (Fig. 7C). The NPCl-null cells also supported IAV 
lipid mixing, albeit at somewhat reduced level compared to control 
(Figs. 7D and S8). Pretreatment of CHO cells with U18666A also 
trapped cholesterol in endosomes and raised the total cholesterol 
content (Figs. 7B and S6), but only modesdy diminished the extent 
of IAVpp or VSVpp fusion (Fig. 7E). Interestingly, in contrast to 
the decreased endosome acidity in MDCK cells, endosomes in 
U18666A-treated GHO cells were more acidic than in control 
cells (Fig. S9). In control experiments, both the lack of NPC1 
expression and U18666A pretreatment blocked EBOVpp fusion 
(Fig. 7C, E), consistent with its reliance on NPC1 receptor and 
high sensitivity to disruptions of cholesterol transport [45] . 

Together, our results show that the cholesterol accumulation 
achieved through two different interventions - U18666A pretreat- 
ment and NPC1 silencing - does not phenocopy IFITM3- 
mediated restriction of viral fusion. This implies that (i) elevated 
levels of endosomal cholesterol do not generally confer resistance 
to viral fusion, and (ii) the mechanism by which IFITM3 blocks 
transition from hemifusion to full fusion is not through the 
mislocalization of cholesterol. 

Discussion 

The IFITMs restrict the cellular entry of multiple pathogenic 
enveloped viruses. Recent studies lead to a model that IFITMs 
inhibit virus-host hemifusion [5] and that the membrane- 
rigidifying properties of cholesterol may contribute to antiviral 
actions [14]. In contrast to these studies, our results now 
demonstrate that IFITM3 prevents the release of viral genomes 
into the cytosol by inhibiting viral entry after hemifusion but prior 
to fusion pore formation (Fig. 8). Moreover, we found that 
IFITM3 can promote hemifusion in some cells, perhaps secondary 
to its acidifying the endosomal pathway. IFITM3 therefore does 
not negatively regulate the properties of contacting leaflets 
involved in hemifusion, but stabilizes the cytoplasmic leaflet of 
the endosomal membrane, thereby disfavoring the formation of 
fusion pores [35]. In one potential scenario IFITM3 is located 
directly at the site of arrested hemifusion, perhaps "toughening" 
the endosomal membrane to create a barrier to viral entry 
(Pathway 1). A considerable colocalization of IFITM3 with 
internalized IAV ([3] and Fig. S10) is consistent with Pathway 
1 's direct mechanism of inhibition. Alternatively, IFITM3 might 
arrest hemifusion through an indirect mechanism, perhaps 
involving modulation of lipid and/ or protein composition of the 
cytoplasmic leaflet (Pathway 2). Recent findings that changes in 
global membrane properties interfere with productive entry would 
appear to support an indirect mechanism [5,14]. 

Lipids, such as unsaturated fatty acids and cholesterol that 
confer negative spontaneous curvature to membranes can promote 
hemifusion (a net negative curvature structure) and disfavor a 
fusion pore (a net positive curvature intermediate), as has been 
previously shown for oleic acid [35]. Although this prediction is 
consistent with efficient lipid mixing in endosomes of IFITM3 + 
cells observed in our imaging experiments, several studies [20,46- 
48] and our own results do not support cholesterol accumulation 
as playing a role in fusion inhibition. We found that cholesterol- 
laden endosomes in cells pretreated with U18666A or expressing 
undetectable/low levels of NPC 1 supported efficient viral fusion. It 
is thus possible that IFITM3 interferes with cellular functions of 



VAPA other than the interaction with OSBP, such as regulation of 
SNAREs and modulation of lateral mobility of membrane proteins 
(reviewed in [49]). 

IFITM3 appears to induce the formation multivesicular bodies 
and increase the number of ILVs [13,14]. One can therefore 
envision that IFITM3 may inhibit infection by redirecting viruses 
to a non-productive pathway, perhaps involving fusion with ILVs 
instead of the limiting membrane of LE (Fig. 8, Pathway 3). If, as 
suggested in [14], IFITM3 disallows back fusion of ILVs with the 
limiting membrane, then virus-ILV fusion products will likely be 
degraded. Indeed, back fusion has been implicated in the VSV 
core release into the cytosol following the virus-ILV fusion [50] . It 
should be stressed that this "fusion decoy" model does not explain 
the ability of IFITM1 to interfere with fusion at the cell surface ([5] 
and Fig. ID). It is also not clear why the Old World arenaviruses, 
which have been reported to enter from MVBs [51], are not 
restricted by IFITMs. 

The indistinguishable extents of vDiD dequenching in control 
and IFITM3 + cells (Fig. 3D) indicate that target endosomes have 
similar sizes. While this appears to argue against redirection of 
IAV fusion to small ILVs, the lack of a post-hemifusion decay of 
vDiD fluorescence in A549 and MDCK cells (Figs. 2 and S3) is 
consistent with IAV fusion with abundant ILVs in endosomes of 
IFITM3 + cells. This is because a lipophilic dye in the limiting 
membrane of an endosome should be quickly removed through 
membrane trafficking [24,31,52]. Because post-dequenching 
decay was not observed irrespective of the level of IFITM3 
expression, it is possible that IAV may infect several cell lines by 
fusing with small intralumenal vesicles followed by the nucleocap- 
sid release through back fusion (Fig. 8, dashed black arrows). This 
pathway could explain the similar extents and rates of vDiD 
dequenching in control and IFITM3-expressing cells, which are 
indicative of similar lipid intermediates and of the size of a target 
membrane, respectively. 

As discussed above, slow vDiD dequenching observed by single 
IAV imaging can be rationalized in the context of fusion with the 
limiting membrane of endosomes (Pathways 1 and 2), as well as in 
the context of fusion with ILVs (Pathway 3). Slow dilution of this 
dye in Pathway 3 could occur through multiple rounds of IAV 
fusion with small ILVs, whereas Pathways 1 and 2 would predict 
restricted lipid diffusion through early fusion intermediates formed 
at the limiting membrane. Although the latter notion is in 
agreement with the reported restriction of lipid movement through 
hemifusion sites and small fusion pores [34,35,53,54], these 
intermediates are usually short-lived under physiological condi- 
tions and tend to resolve into larger structures that do not impair 
lipid movement [28,32,35]. Clearly, more detailed studies of virus- 
endosome hemifusion and fusion are needed to understand the 
nature of slow lipid redistribution between IAV and endosomes. 

The IFITMs may now arguably be one of the most broadly 
acting and clinically relevant restriction factor families [1,3]. While 
both IFITM3's membrane-associated topology and its localization 
to the site of viral attenuation suggest it acts to restrict viral entry 
via a direct mechanism, additional work remains to be done to fully 
elucidate its actions. Nonetheless, as the primary effector of IFN's 
anti-IAV actions, IFITM3 represents a previously unappreciated 
class of restriction factor that prevents viral entry by stabilizing a 
hemifusion intermediate, likely comprised of an invading virus 
fatally tethered to the interior of the endosome's limiting 
membrane. Future single virus experiments combining the 
detection of both viral lipid and content release events (see for 
example [52]) should provide further insights into IAV entry 
pathways and the mechanism of IFITM3-mediated restriction. 
Indeed, such efforts may also bring to light unknown viral 
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Figure 6. IFITM3-mediated restriction of IAV fusion is not related to cholesterol accumulation in endosomes of MDCK cells. (A) Sub- 
cellular distributions of cholesterol (filipin staining) and IFITM3 (antibody staining) in MDCK-Vector and MDCK-IFITM3 cells. Images show confocal 
sections through the middle of cells. (B) Filipin staining of MDCK cells pretreated with 20 uM U18666A for 18 h or mock-treated cells. (C) Dose- 
dependence of U18666A effect on viral fusion. MDCK-Vector cells were pretreated for 18 h with indicated concentrations of U18666A or DMSO 
(control). BlaM-Vpr-carrying pseudoviruses (MOI = 1) were allowed to fuse with cells for 90 min at 37°C in the presence of U18666A or DMSO. Data are 
means and SEM from 2 triplicate experiments. (D-F) pH distributions in lAV-carrying endosomes of MDCK cells measured using AF488- and 
CypHer5E-labeled viruses. Viruses were pre-bound to cells in the cold and incubated at 37°C for 45 min before acquiring images. Calculated pH 
values are shown for MDCK cells without (D) and with pretreatment with 20 nM U18666A for 18 h (E), as well as for MDCK-IFITM3 cells (F). Data are 
from 10 image fields each. 
doi:10.1371/journal.ppat.1004048.g006 



countermeasures, which are perhaps employed by the IFITM- 
resistant New and Old World arenaviruses. 

Materials and Methods 

Cell lines, plasmids and reagents 

HEK 293T/ 1 7 cells and human lung epithelial A549 cells were 
obtained from ATCC (Manassas, VA) and grown as previously 
described [55]. Wild-type CHO cells and CHO-NPC1" cells, a 
gift from Dr. L. Liscum (Tufts University) [44], were grown in 
Alpha-MEM (Quality Biological Inc, Gaithersburg, MD) supple- 
mented with 10% FBS and penicillin-streptomycin. The A549, 
MDCK, HeLaHl and CHO cells stably expressing IFITM3 or 
IFITM1 were obtained by transducing with VSV-G-pseudotyped 
viruses encoding wild-type IFITM3 and IFITM1 or with the 
vector pQCXIP (Clontech) and selecting with puromycin, as 
described previously [2] . 

The pR8AEnv, BlaM-Vpr, pcRev, HIV-1 Gag-iCherryAEnv 
and pMDG VSV G expression vectors were described previously 
[37,55]. The YFP-Vpr was a gift from Dr. T. Hope (Northwestern 
University). The pCAGGS vectors encoding influenza H1N1 
WSN HA and NA were provided by Donna Tscerne and Peter 
Palese, and the pCAGGS BlaMl (WSN) plasmid was a gift from 
Dr. A. Garcia-Sastre (Mount Sinai). Vectors expressing phCMV- 
GPc Lassa and pcDNA3.1 -Ebola GP (Zaire) were gifts from Dr. 
F.-L. Cosset (Universite de Lyon, France) [56] and Dr. L. Rong 
(University of Illinois) [57], respectively. 

U18666A was from Tocris Bioscience (Bristol, UK). Poly-L- 
lysine, filipin, sulphorhodamine B Bafilomycin Al and the 
Cholesterol Kit were from Sigma-Aldrich. AlexaFluor-488 
amine-reactive carboxylic acid, vybrant-DiD (vDiD, l,l'-diocta- 
decyl-3,3,3',3'-tetramethylindodicarbocyanine,4-chlorobenzene- 
sulfonate salt), Hoechst-33342 and Live Cell Imaging buffer were 
purchased from Life Technologies (Grand Island, NY). CypHer5E 
Mono NHS Ester was from GE Healthcare (Pittsburgh, PA). 
Antibodies used were rabbit anti-IFITM3 (to N-terminus) from 
Abgent (San Diego, CA), mouse anti-IAV-NP and goat anti-IAV- 
polyclonal antibodies from Millipore (Billerica, MA), rat anti- 
mouse-IgG-FITC from eBioscience (San Diego, CA), and goat 
anti-rabbit-Cy5 from Jackson Immunoresearch (West Grove, PA). 

Pseudovirus production, labeling and characterization 

Pseudovirus production and titration were described previously 
[58]. Pseudoviruses were produced by transfecting HEK293T/17 
cells using JetPRIME transfection reagent (Polyplus-transfection 
SA, NY). For LASV and EBOV pseudoviruses, 5 ug of the 
phCMV-GPc Lassa or 5 ug of the pcDNA3. 1 -Ebola GP was 
included in the transfection mixture. Fluorescently labeled 
influenza pseudoviruses were produced using 1 u,g of pRSAEnv, 
2 u.g of HIV-1 Gag-iCherryAEnv [37], 2 ug of YFP-Vpr, 1 |xg of 
pcRev, and 2 |J.g of each WSN HA- and NA-expressing vectors. 
Ebola GP pseudoviruses were concentrated 1 0 x , using Lenti-X™ 
Concentrator (Clontech, Mountain View, CA). To generate 
influenza BlaMl VLPs, HEK293T cells were transfected with 



pCAGGS-BlaMl (5 ug) and 2.5 |J.g of each pCAGGS-WSN HA 
and pC AGGS-WSN NA. After 1 2 h, the transfection reagent was 
removed, and cells were further cultivated in phenol red-free 
growth medium. 

The influenza virus surface proteins and the lipid membrane 
were labeled with AF488 and vDiD, respectively. A hundred u.g of 
influenza virus from the purified H1N1 A/PR/8/34 stock (2 mg/ 
ml, Charles River, CT) was diluted in 95 |U.l of sodium bicarbonate 
buffer (pH 9.0) supplemented with 50 uM AF488. The mixture 
was incubated for 30 min at room temperature, after which time, 
5 u.1 of vDiD (from 1 mil stock in DMSO) was added followed by 
an additional incubation for 90 min in the dark at room 
temperature with mild agitation. The labeled viruses were purified 
through a NAP-5 gel filtration column (GE Healthcare) in 
145 mM NaCl solution buffered with 50 mM HEPES, pH 7.4. 
Approximately 50% of AF488-labeled particles incorporated 
detectable amounts of vDiD with minimal contamination by free 
dye aggregates. 

The infectious IAV titer was determined in MDCK or A549 
cells after incubation with serially diluted inoculum for 15 h at 
37°C. Cells were fixed, permeabilized, blocked and incubated with 
rabbit R2376 anti-WSN HA antibody (a gift from Dr. D. 
Steinhauer, Emory University) for 2 h at room temperature. Cells 
were then washed and incubated with secondary Cy5-conjugated 
goat anti-rabbit antibodies (Jackson ImmunoResearch, PA) in 
10% FBS-containing buffer supplemented with 10 ug/ml 
Hoechst-33342 for 1 h. The number of infected cells per image 
field was determined by fluorescence microscopy and normalized 
to the total number of cells (stained nuclei). The infectious titer 
(IU/ ml) was calculated by taking into account the ratio of the area 
of well and the image area and correcting for dilution and volume 
of viral inoculum. 

Virus-cell fusion assay 

The ^-lactamase (BlaM) assay for virus-cell fusion was carried out 
as described previously ([24] and Methods S 1). Briefly, pseudoviruses 
bearing fi-lactamase-Vpr chimera (BlaM-Vpr) were bound to target 
cells by centrifugation at 4°C for 30 min at 1550xg. Unbound 
viruses were removed by washing, and fusion was initiated by shifting 
to 37°C for 90 min, after which time cells were placed on ice and 
loaded with the CCF4-AM substrate (Life Technologies). The 
cytoplasmic BlaM activity (ratio of blue to green fluorescence) was 
measured after an overnight incubation at 12°C, using the Synergy 
HT fluorescence microplate reader (Bio-Tek, Germany). 

Sub-cellular distribution of IAV, IFITM3 and cholesterol 

IAV was pre-bound to A549-IFITM3 cells in the cold, followed 
by incubation at 37°C for 90 min and immunostaining with 
mouse anti-IAV-NP (Millipore, Billerica, MA) (when applicable) 
and rabbit anti-IFITM3 antibody (N-terminus, Abgent, San 
Diego, CA), as described in [13]. Rat anti-mouse-IgG-FITC 
(eBioscience, San Diego, CA) and goat anti-rabbit-Cy5 antibodies 
were used for secondary staining. Cellular distribution of 
cholesterol was examined by incubation with 0.25 mg/ml filipin 
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frequency of lipid mixing in CHO (n = 576) and CHO-NPC1 ~ cells (n = 1 241 ). Pre-treatment with 0.2 uM BafAl for 30 min followed by initiation with 
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standard deviations from at least 4 experiments. (E) Pretreatment of CHO cells with U18666A (40 jjJVi, 8 h) modestly diminishes lAVpp or VSVpp fusion 
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doi:10.1371/journal.ppat.1004048.g007 



added during the incubation with secondary antibodies. Images 
were collected on a LSM 780 laser scanning microscope (Carl 
Zeiss, Germany) using a 63 x oil immersion objective. All staining 
methods involved fixation with 2% paraformaldehyde, permeabi- 
lization with 0.25% Triton-XlOO, blocking in with 10% FBS and 
dilution in phosphate buffered saline (with calcium and magne- 
sium), and sequential incubation with primary and secondary 
antibodies for 2 h and 1 h, respectively. 

NPC1 knockdown and western blotting 

To silence the NPC1 gene, A549 cells were transduced with five 
shRNAs encoded by pLKO. 1 lentiviral vector (Sigma) and selected 



with puromycin. The samples for Western blotting were processed 
as described in [24]. The NPC1 protein band was detected with 
rabbit anti-NPC 1 (Abeam, Cambridge, MA) and horseradish 
peroxidase-conjugated Protein G (Bio-Rad, Hercules, CA), using a 
chemiluminescence reagent from GE Healthcare. 

Single virus imaging and image analysis 

Cells grown on glass-bottom Petri dishes (MatTek, MA) were 
chilled on ice and washed with cold Hank's balanced salt solution 
(HBSS). Predetermined amount of viral suspension (MOI~0.01) 
was added to the cells and spinoculated at 4°C for 20 min. The 
cells were then washed twice with cold HBSS and placed on the 
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IFITM3: direct (Pathway 1) and indirect (Pathway 2) inhibition of transition from hemifusion to full fusion at the limiting membrane of an endosomes, 
as well as non-productive IAV fusion with ILVs in the absence of back fusion (Pathway 3). Partial dilution/dequenching of viral vDiD upon hemifusion/ 
fusion is shown by lighter red color and full dequenching is shown by light red glow. Alternative endosomal localizations of IFITM3 (limiting 
membrane vs. ILVs) are shown. Dashed black arrow illustrates possible IAV fusion pathway in cells expressing low, endogenous levels of IFITIV13. 
doi:1 0.1 371 /journal.ppat.1 004048.g008 



stage of an LSM 780 confocal microscope. Virus entry was 
initiated by adding 2.5 ml of pre-warmed imaging buffer and 
imaged at 37°C using a C-Apo 40x/1.2NA water-immersion 
objective. Three Z-stacks separated by ~2 |xm were acquired 
every 7—8 s through the MultiTime macro (Carl Zeiss). To block 
IAV hemifusion and fusion, experiments where performed in 
HBSS supplemented with 50 mM HEPES/70 mM NH 4 C1 
(pH 7.6) or containing 200 nM of BafAl. The time lapse images 
were first visually inspected to identify vDiD dequenching or loss 
of mCherry events. The number of relevant events in each 
experiment was independently determined by two trained 
individuals. Particle trajectories and their mean/total fluorescence 
intensities were obtained using Volocity (PerkinElmer, MA). The 
onset of lipid mixing and the initial slope of vDiD dequenching 
were determined by fitting to a pair of straight lines (Fig. Sll). 

Endosomal pH measurements 

IAV particles were co-labeled with the AF488 dye (pH- 
insensitive) and CypHer5E, which fluoresces brighter at acidic 
pH. The ratios of the CypHer5E and AF488 signals were 



converted to pH values using a calibration curve obtained by 
exposing coverslip-immobilized viruses to citrate-phosphate buff- 
ers of different acidity (Fig. S7). Images were collected from 3 
different fields, and sum of single-particle fluorescence was 
calculated. The mean ratios of CypHer5E to AF488 signals as a 
function of pH were used for the calibration curve. Cells were 
inoculated with labeled viruses for 45 min at 37°C, as described 
above. Images were collected from at least 10 different fields, and 
single particle-based ratio of fluorescence signals was calculated. 
Outliers with a near-background CypHerSE signal were rejected 
to reduce the uncertainty in pH measurements. 

Statistical analyses 

Statistical significance was assessed using the pairwise t-test or 
rank sum test. Single-particle fusion events in control and IFITM3 
expressing cells were compared by the z-test. 

Supporting Information 

Figure SI Characterization of AlexaFluor488 and vDiD 
co-labeled IAV. (A) vDiD and AF488 co-labeling does not 
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strongly affect IAV infectivity. Mock-labeling of viral particles was 
carried out by subjecting 100 |J,g of H1N1 A/PR/8/34 virus 
preparation to the same solvents/buffer, incubation periods and 
purification protocol as that for labeling, but in the absence of 
AF488 and vDiD dyes. Infectious titer was estimated, as described 
in Materials and Methods. Error bars are standard deviations 
(n= 10). (B, C) Immunostaining of AF488-labeled H1N1 A/PR/ 
8/34 virions (B) and of ASLV Env-pseudotyped retroviral particles 
(C, negative control) with anti-HA antibody (red). 
(PDF) 

Figure S2 Effect of oleic acid (OA) on IAVpp fusion with 
A549 and A549-IFITM3 cells. BlaM-Vpr carrying pseudo- 
viruses (MOI= 1) were bound to cells in the cold. Unbound virus 
was washed out, and the samples were treated with either 100 uM 
OA, 70 mM NH 4 C1 or left untreated. Fusion was allowed to 
proceed by shifting to 37°C for 90 min. Data are means and SEM 
for 2 triplicate experiments. NS, not significant. 
(PDF) 

Figure S3 Examples of fast vDiD dequenching events in 
A549 and MDCK cells. Relatively quick vDiD (red) dequench- 
ing events obtained by single particle tracking are shown for A549, 
A549-IFITM3, MDCK and MDCK-IFITM3 cells. The AF488 
signal is shown in green and the ratio of vDiD and AF488 signals is 
shown in blue. Arrows mark sudden increases in the vDiD signal, 
a.u., arbitrary units. 
(PDF) 

Figure S4 Correlation between the lag time before lipid 
mixing and the rate of vDiD dequenching (A) and the 
initial rates of vDiD dequenching (B). (A) The time of 
commencement of hemifusion (T H ) and the initial rate of 
dequenching was determined as described in Materials and 
Methods. These parameters are uncorrelated (R 2 <0.19 for all). 
(B) The initial rates of vDiD dequenching were determined for 
A549- Vector, A549-IFITM3, MDCK and CHO cells. Error bars 
are SEM from >20 tracks. *, P<0.02. 
(PDF) 

Figure S5 Relationship between IAV lipid mixing activ- 
ity and infection. The fraction of A549 cells where at least one 
lipid mixing event was observed within 1 h at 37°C, and the 
fraction of cells that became infected within 15 h at 37°C were 
estimated as described in Methods SI. Infectivity data were 
collected from 5 image fields each, with >30 cells per field. 
Particle-to infectivity ratio was calculated from the fraction of 
infected cells and the average number of virions bound to cells. 
Live cell imaging experiments (n=10 for A549 and n = 6 for 
MDCK cells) yielded the number of cells receiving at least 
hemifusion event. 
(PDF) 

Figure S6 Subcellular distribution of cholesterol and 
levels of total and free cellular cholesterol. (A) Total 
cellular filipin was estimated by calculating the filipin fluorescence 
intensity over the entire image field (after subtracting the 
background signal) and normalizing by the number of cells per 
field. Data are means and standard deviations for 4 and 6 fields for 
A549 and A549-IFITM3 cells (131 and 184 cells), respectively. (B, 
C) Total and free cellular cholesterol (in u.g/10 6 cells) were 
measured by a fluorimetric enzymatic assay using the Cholesterol 
Kit from Sigma-Aldrich. Data are means and standard deviations 
from 2 measurements performed with duplicate samples. ***, P< 
0.001; *, P<0.03. 
(PDF) 



Figure S7 Calibration of labeled IAV as a pH-sensor. 

AF488- and CypHer5E- labeled IAV particles were attached to poly- 
L-lysine coated coverslips, and the ratio of two fluorescence signals 
was measured in citrate-phosphate buffers of different acidity. (A) Top 
and bottom panels are images of labeled IAV at neutral pH and low 
pH, respectively. (B) The total signal for each dye was determined 
after thresholding and the CypHer5E/AF488 ratio at different pH 
are plotted. Error bars are standard deviations for 3 different imaged 
fields for each pH value. The line indicates a first order polynomial fit 
to the data, which served as a pH calibration curve. 
(PDF) 

Figure S8 An example of single IAV lipid mixing event in 
CHO cells. (A) Image panels show entry of an AF488 (green) and 
vDiD (red) labeled virus into a CHO cell that culminates in vDiD 
dequenching (arrow). (B) Fluorescence intensity profiles of AF488 
and vDiD obtained by tracking the virion shown in panel A. 
(PDF) 

Figure S9 pH distribution in IAV carrying endosomes of 
CHO cells. Shown are the distributions of endosomal pH in 
CHO cells pretreated with 40 uM of U18666A for 12 h or left 
untreated. Cells were incubated with AF488/Cypher5E-labeled 
IAV, and endosomal pH was measured as described in Materials 
and Methods. U18666A increased endosomal acidity (P<0.001). 
(PDF) 

Figure S10 Incoming IAV tends to colocalize with 
IFITM3-positive endosomes. A549-IFITM3 cells were al- 
lowed to internalize IAV for 90 min at 37°C and immunostained 
for the IAV-NP using mouse antibody (Millipore, Billerica, MA) 
and for IFITM3. The enlarged boxed area is shown on the right. 
IAV and IFITM3 puncta were identified by thresholding and 
object identification. The extent of colocalization was estimated by 
counting IAV puncta, which exhibited a volumetric overlap of at 
least 50% with IFITM3 puncta, and normalizing over all IAV 
puncta. The number in the right corner is the mean % 
colocalization and standard deviation for 7 image fields. 
(PDF) 

Figure Sll A line-fitting approach to determining the 
onset and the initial rate of vDiD dequenching in single 
IAV fusion experiments. Fitting the vDiD dequenching traces 
with two straight lines yields the time of hemifusion (Th) and the 
initial slope of dequenching. 
(PDF) 

Methods SI Description of additional methods em- 
ployed in this study. 

(DOCX) 

Movie SI Lipid mixing between single vDiD-labeled 
IAV and an endosome in A549 cells. IAV co-labeled with 
AF488 (green) and vDiD (red) was incubated with A549 cells at 
37°C. The lipid mixing event (hemifusion) is manifested in marked 
increase of vDiD fluorescence. The numbers in the upper right 
corner show time after raising the temperature (min:sec:msec). 
Scale bar is 10 |im. For details, see Fig. 2A, B. 
(AVI) 

Movie S2 Lipid mixing between single vDiD-labeled 
IAV and an endosome in A549-IFITM3 cell. IAV co-labeled 
with AF488 (green) and vDiD (red) was incubated with cells at 
37°C. The lipid mixing event (hemifusion) is manifested in marked 
increase of vDiD fluorescence. The numbers in the upper right 
corner show time after raising the temperature (min:sec:msec). For 
details, see Fig. 2D, E. 
(AVI) 
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Movie S3 Lipid mixing upon entry of single vDiD- 
labeled IAV into an MDCK-IFITM3 cell. IAV co-labeled 
with AF488 (green) and vDiD (red) was incubated with cells at 
37°C. Lipid mixing (hemifusion) is seen as marked increase in the 
vDiD signal. The numbers in the upper right corner show time 
after raising the temperature (min:sec:msec). For details, see 
Fig. 2F, G. 
(AVI) 

Movie S4 IAVpp fusion with an endosome in A549 cell. 

A single IAV pseudovirus co-labeled with YFP-Vpr (green) and 
Gag-iCherry (red) releases its content marker (iCherry) after 
entering the cell. The numbers in the upper right corner show time 
after raising the temperature (min:sec:msec). For details, see 
Fig. 4A, B. 
(AVI) 

Movie S5 IAVpp fusion with an MDCK cell. A single IAV 
pseudovirus co-labeled with YFP-Vpr (green) and Gag-iCherry 
(red) releases its content marker (iCherry) after entering the cell. 

References 

1. Diamond MS, Farzan M (20 1 3) The broad-spectrum antiviral functions of IFIT 
and IFITM proteins. Nat Rev Immunol 13: 46-57. 

2. Brass AL, Huang IC, Benita Y John SP, Krishnan MN, et al. (2009) The IFITM 
proteins mediate cellular resistance to influenza A H1N1 virus, West Nile virus, 
and dengue virus. Cell 139: 1243-1254. 

3. Perrcira JM, Chin CR, Feeley EM, Brass AL (2013) IFITMs Restrict the 
Replication of Multiple Pathogenic Viruses. J Mol Biol 425: 4937-55. doi: 
10.1016/j.jmb.2013.09.024. 

4. Mudhasani R, Tran JP, Retterer C, Radoshitzky SR, Kota KP, ct al. (2013) 
IFITM-2 and IFITM-3 but not IFITM- 1 restrict Rift Valley fever virus. J Virol 
87: 8451-8464. 

5. Li K, Markosyan RM, Zheng YM, Golfetto O, Bungart B, et al. (2013) IFITM 
proteins restrict viral membrane hemifusion. PLoS Pathog 9: el 003 124. 

6. Huang IC, Bailey CC, Weyer JL, Radoshitzky SR, Becker MM, ct al. (201 1) 
Distinct patterns of IFITM-mcdiatcd restriction of filoviruses, SARS coronavi- 
rus, and influenza A virus. PLoS Pathog 7: el001258. 

7. Jiang D, Weidner JM, Qing M, Pan XB, Guo H, ct al. (2010) Identification of 
five interferon-induced cellular proteins that inhibit west nile virus and dengue 
virus infections. J Virol 84: 8332-8341. 

8. Bailey CC, Huang IC, Kam C, Farzan M (2012) Ifitm3 limits the severity of 
acute influenza in mice. PLoS Pathog 8: el002909. 

9. Evcritt AR, Clare S, Pcrtcl T, John SP, Wash RS, et al. (2012) IFITM3 restricts 
the morbidity and mortality associated with influenza. Nature 484: 519-523. 

10. Evcritt AR, Clare S, McDonald JU, Kane L, Harcourt K, ct al. (2013) Defining 
the range of pathogens susceptible to Ifitm3 restriction using a knockout mouse 
model. PLoS ONE 8: c80723. 

1 1 . Chutiwitoonchai N, Hiyoshi M, Hiyoshi-Yoshidomi Y, Hashimoto M, 
Tokunaga K, ct al. (2013) Characteristics of IFITM, the newly identified IFN- 
inducible anti-HIV-1 family proteins. Microbes Infect 15: 280-290. 

12. Lu J, Pan Q, Rong L, He W, Liu SL, et al. (201 1) The IFITM proteins inhibit 
HIV-1 infection. J Virol 85: 2126-2137. 

13. Feeley EM, Sims JS, John SP, Chin CR, Pertcl T, et al. (201 1) IFITM3 inhibits 
influenza A virus infection by preventing cytosolic entry. PLoS Pathog 7: 
cl002337. 

14. Amini-Bavil-Olyacc S, Choi YJ, Lcc JH, Shi M, Huang IC, ct al. (2013) The 
antiviral effector IFITM3 disrupts intracellular cholesterol homeostasis to block 
viral entry. Cell Host Microbe 13: 452—464. 

15. John SP, Chin CR, PcrreiraJM, Feeley EM, Aker AM, et al. (2013) The CD225 
domain of IFITM3 is required for both IFITM protein association and 
inhibition of influenza A virus and dengue virus replication. J Virol 87: 7837- 
7852. 

16. Yount JS, Moltcdo B, Yang YY, Charron G, Moran TM, ct al. (2010) 
Palmitoylome profiling reveals S-palmitoylation-dcpcndent antiviral activity of 
IFITM3. Nat Chem Biol 6: 610-614. 

17. Bailey CC, Kondur HR, Huang IC, Farzan M (2013) Interferon-Induccd 
Transmembrane Protein 3 is a Type II Transmembrane Protein. J Biol Chcm 
288: doi:10.1074/jbc.M113.514356. 

18. Sicczkarski SB, Whittaker CR (2003) Differential requirements of Rab5 and 
Rab7 for endocytosis of influenza and other enveloped viruses. Traffic 4: 333- 
343. 

19. Bolard J (1986) Interaction of polyene antibiotics with membrane lipids: 
physicochemical studies of the molecular basis of selectivity. Drugs Exp Clin Res 
12: 613-618. 

20. Lin TY, Chin CR, Evcritt AR, Clare S, PerreiraJM, et al. (2013) Amphotericin 
B increases influenza A virus infection by preventing IFITM3-mcdiatcd 
restriction. Cell Rep 5: 895-908. 



The numbers in the upper right corner show time after raising the 

temperature (min:sec:msec). For details, see Fig. 4C, D. 

(AVI) 

Acknowledgments 

We wish to thank Dr. David Steinhaucr (Emory University) for the gift of 
R2376 antibody, Dr. Laura Liscum (Tufts University) for CHO-NPC1 
cells, Dr. F.-L. Cosset (Universite de Lyon, France) and Dr. L. Rong 
(University of Illinois) for Lassa virus and Ebola virus GP-expressing 
vectors, respectively. We are also grateful to Dr. N. Gahlaut for help with 
image analysis and Lauren Byrd-Leotis for the initial efforts to label and 
image IAV, as well as to Dr. Leonid Chernomordik (NICHD) and the 
members of Melikyan laboratory for stimulating discussions. 

Author Contributions 

Conceived and designed the experiments: GBM ALB TMD MM. 
Performed the experiments: TMD MM CRC GS. Analyzed the data: 
TMD MM GBM. Contributed reagents/materials/analysis tools: GS. 
Wrote the paper: GBM ALB TMD MM. 



21. RojekJM, Sanchez AB, Nguyen NT, dc la Torre JC, Kunz S (2008) Different 
mechanisms of cell entry by human-pathogenic Old World and New World 
arenaviruses. J Virol 82: 7677—7687. 

22. Beer C, Andersen DS, Rojek A, Pcdersen L (2005) Caveola-dcpcndent endocytic 
entry of amphotropic murine leukemia virus. J Virol 79: 10776-10787. 

23. Cavrois M, De Noronha C, Greene WC (2002) A sensitive and specific enzyme- 
based assay detecting HIV-1 virion fusion in primary T lymphocytes. Nat 
Biotechnol 20: 1151-1154. 

24. Miyauchi K, Kim Y, Latinovic O, Morozov V, Melikyan GB (2009) HIV enters 
cells via endocytosis and dynamin-dependent fusion with endosomes. Cell 137: 
433-444. 

25. Tscherne DM, Manicassamy B, Garcia-Sastre A (2010) An enzymatic virus-like 
particle assay for sensitive detection of virus entry. J Virol Methods 163: 336- 
343. 

26. Chernomordik LV, Kozlov MM (2005) Membrane hemifusion: crossing a 
chasm in two leaps. Cell 123: 375-382. 

27. Cohen FS, Melikyan GB (2004) The energetics of membrane fusion from 
binding, through hemifusion, pore formation, and pore enlargement. J Membr 
Biol 199: 1-14. 

28. Lakadamyali M, Rust MJ, Babcock HP, Zhuang X (2003) Visualizing infection 
of individual influenza viruses. Proc Natl Acad Sci U S A 100: 9280-9285. 

29. van dcr Schaar HM, Rust MJ, Waarts BL, van der Ende-Metselaar H, Kuhn RJ, 
ct al. (2007) Characterization of the early events in dengue virus cell entry by 
biochemical assays and single-virus tracking. J Virol 81: 12019-12028. 

30. Melikyan GB, White JM, Cohen FS (1995) GPI-anchored influenza hemagglu- 
tinin induces hemiliision to both red blood cell and planar bilayer membranes. 
J Cell Biol 131: 679-691. 

31. Nour AM, Li Y, Wolenski J, Modis Y (2013) Viral Membrane Fusion and 
Nucleocapsid Delivery into the Cytoplasm arc Distinct Events in Some 
Flaviviruscs. PLoS Pathog 9: c 1003585. 

32. Lowy RJ, Sarkar DP, Chen Y, Blumenthal R (1990) Observation of single 
influenza virus-cell fusion and measurement by fluorescence video microscopy. 
Proc Natl Acad Sci U S A 87: 1850-1854. 

33. Rubin RJ, Chen YD (1990) Diffusion and redistribution of lipid-like molecules 
between membranes in virus-cell and cell-cell fusion systems. Biophys J 58: 
1157-1167. 

34. Tse FW, Iwata A, Aimers W (1993) Membrane flux through the pore formed by 
a fusogenic viral envelope protein during cell fusion. J Cell Biol 121: 543—552. 

35. Chernomordik LV, Frolov VA, Lcikina E, Bronk P, Zimmerbcrg J (1998) The 
pathway of membrane fusion catalyzed by influenza hemagglutinin: restriction 
of lipids, hemifusion, and lipidic fusion pore formation. J Cell Biol 140: 1369- 
1382. 

36. Floyd DL, Ragains JR, Skehel JJ, Harrison SC, van Oijen AM (2008) Single- 
particle kinetics of influenza virus membrane fusion. Proc Natl Acad Sci USA 
105: 15382-15387. 

37. Padilla-Parra S, Marin M, Gahlaut N, Suter R, Kondo N, ct al. (2013) Fusion of 
Mature HIV-1 Particles Leads to Complete Release of a Gag-GFP-Bascd 
Content Marker and Raises the Intraviral pH. PLoS ONE 8: c71002. 

38. Koh CH, Cheung NS (2006) Cellular mechanism of U18666A-mediated 
apoptosis in cultured murine cortical neurons: bridging Niemann-Pick disease 
type C and Alzheimer's disease. Cell Signal 18: 1844-1853. 

39. Mukherjcc S, Maxfield FR (2004) Lipid and cholesterol trafficking in NPC. 
Biochim Biophys Acta 1685: 28-37. 

40. Carcttc JE, Raaben M, Wong AC, Herbert AS, Obernostcrer G, ct al. (2011) 
Ebola virus entry requires the cholesterol transporter Niemann-Pick C 1 . Nature 
477: 340-343. 



PLOS Pathogens | www.plospathogens.org 



15 



April 2014 | Volume 10 | Issue 4 | e1 004048 



IFITM3 Blocks Influenza A Virus Fusion Pore 



41. Cote M, Misasi J, Ren T, Bruchcz A, Lee K, et al. (2011) Small molecule 
inhibitors reveal Niemann-Piek Gl is essential for Ebola virus infection. Nature 
477: 344-348. 

42. Lafourcadc C, Sobo K, Kicffer-Jaquinod S, Garin J, van der Goot FG (2008) 
Regulation of the V-ATPasc along the endocytic pathway occurs through 
reversible subunit association and membrane localization. PLoS ONE 3: c2758. 

43. Lenard J, Miller DK (1981) pH-dependent hemolysis by influenza, Semliki, 
Forest virus, and Sendai virus. Virology 110: 479-482. 

44. Wojtanik KM, Liscum L (2003) The transport of low density lipoprote in-derived 
cholesterol to the plasma membrane is defective in NPG1 cells. J Biol Chem 278: 
14850-14856. 

45. Shoemaker CJ, Schornberg KL, Delos SE, Scully C, Pajouhesh H, et al. (2013) 
Multiple cationic amphiphiles induce a Niemann-Pick C phenotype and inhibit 
Ebola virus entry and infection. PLoS ONE 8: c56265. 

46. Biswas S, Yin SR, Blank PS, Zimmerberg J (2008; Cholesterol promotes 
hemifusion and pore widening in membrane fusion induced by influenza 
hemagglutinin. J Gen Physiol 131: 503—513. 

47. Razinkov VI, Cohen FS (2000) Sterols and sphingolipids strongly affect the 
growth of fusion pores induced by the hemagglutinin of influenza virus. 
Biochemistry 39: 13462-13468. 

48. Domanska MK, Wrona D, Kasson PM (2013) Multiphasic effects of cholesterol 
on influenza fusion kinetics reflect multiple mechanistic roles. Biophys J 105: 
1383-1387. 

49. Lev S (2010) Non-vesicular lipid transport by lipid-transfer proteins and beyond. 
Nat Rev Mol Cell Biol 1 1: 739-750. 



50. Le Blanc I, Luyet PP. Pons V, Ferguson C, Emans N, et al. (2005; Endosome-to- 
cytosol transport of viral nucleocapsids. Nat Cell Biol 7: 653-664. 

51. Pasqual G, Rojck JM, Masin M, Chatton JY, Kunz S (2011) Old world 
arenaviruses enter the host cell via the multivesicular body and depend on the 
endosomal sorting complex required for transport. PLoS Pathog 7: el002232. 

52. Jha NK, Latinovic O, Martin E, Novitskiy G, Marin M, et al. (2011) Imaging 
single retrovirus entry through alternative receptor isoforms and intermediates of 
virus-endosome fusion. PLoS Pathog 7: el001260. 

53. Markosyan RM, Cohen FS, Melikyan GB (2000) The lipid- anchored 
cctodomain of influenza virus hemagglutinin (GPI-HA) is capable of inducing 
nonenlarging fusion pores. Mol Biol Cell 11:1 143-1 152- 

54. Zimmerberg J, Blumenthal R, Sarkar DP, Curran M, Morris SJ (1994) 
Restricted movement of lipid and aqueous dyes through pores formed by 
influenza hemagglutinin during cell fusion. J Cell Biol 127: 1885—1894. 

55. de la Vega M, Marin M, Kondo N, Miyauchi K, Kim Y, et al. (201 1) Inhibition 
of HIV-1 endocytosis allows lipid mixing at the plasma membrane, but not 
complete fusion. Rctrovirology 8: 99. 

56. Cosset FL, Marianneau P, Verney G, Gallais F, Tordo N, et al. (2009) 
Characterization of Lassa virus cell entry and neutralization with Lassa virus 
pseudoparticles. J Virol 83: 3228-3237. 

57. Manicassamy B, Wang J, Jiang H, Rong L (2005) Comprehensive analysis of 
ebola virus GP1 in viral entry. J Virol 79: 4793-4805. 

58. Demirkhanyan LH, Marin M, Padilla-Parra S, Zhan C, Miyauchi K, et al. 
(2012) Multifaceted mechanisms of HIV-1 entry inhibition by human alpha- 
defensin. J Biol Chem 287: 28821-28838.. 



PLOS Pathogens | www.plospathogens.org 



16 



April 2014 | Volume 10 | Issue 4 | e1 004048 



